Human flora-associated (HFA) mice have been considered a tool for studying the ecology and metabolism of intestinal bacteria in humans, although they have some limitations as a model. Shifts in dominant species of microbiota in HFA mice after the administration of human intestinal microbiota was revealed by 16S rRNA gene sequence and terminal restriction fragment length polymorphism (T-RFLP) analyses. Characteristic terminal restriction fragments (T-RFs) were quantified as the proportion of total peak area of all T-RFs. Only the proportion of the T-RF peak at bp 366, identified as the Gammmaproteobacteria group and the family Coriobacteriaceae, was reduced in this study. Increased T-RFs over time at bp 56, 184, and 196 were affiliated with the Clostridium group. However, most of the isolated bacteria with unique population shifts were phylotypes. The vertical transmission of the intestinal microbiota of the mouse offspring was also investigated by dendrogram analysis derived from the similarity of T-RFLP patterns among samples. As a result, the intestinal microbiota of HFA mice and their offspring reflected the composition of individual human intestinal bacteria with some modifications. Moreover, we revealed that human-derived lactobacilli (HDL), which have been considered difficult to colonize in the HFA mouse intestine in previous studies based on culture methods, could be detected in the HFA mouse intestine by using a lactic acid bacterium-specific primer and HDL-specific primers. Our results indicate that the intestinal microbiota of HFA mice represents a limited sample of bacteria from the human source and are selected by unknown interactions between the host and bacteria.
Intestinal microbiota is composed of many kinds of bacteria. These indigenous intestinal bacteria play an important role in the health and disease of hosts, including nutrition, host immunity, and carcinogenesis. Experimental animal studies are indispensable when formulating basic concepts of the microbial ecology in the intestinal tracts of humans. However, the intestinal microbiota in experimental animals is quite different in composition from that in humans (23, 31) . A recent study revealed the existence of many unidentified microorganisms, including some bacteria specific to the mouse intestine, by molecular techniques (2, 17, 35) . Therefore, data obtained in animal experiments cannot be directly applied to humans.
Human flora-associated (HFA) mice have been considered a tool for studying the ecology and metabolism of human intestinal bacteria (6, 7, 30) , although they have some limitations as a model (12) . These limitations include differences in enzyme activity, concentrations of putrefactive products, and immunological activation by the composition of fecal bacteria (13, 15) . Previous studies reported that 60% to 80% of the observable bacteria in human intestines could not be cultivated (10, 37) . These limitations may therefore be caused by composition differences in microbiota of intestinal contents between humans and HFA mice. However, there are few reports about the use of molecular techniques with HFA mice or rats to determine the composition of microbiota including unidentified bacteria (5, 7, 15) .
The genera Lactobacillus and Bifidobacterium are well known as beneficial bacteria for probiotics. These bacteria derived from humans seem to hardly colonize in the mouse intestine (12, 28, 41) . In particular, it has been reported that lactobacilli have strong host specificity (24, 19, 39) . The possibility has been considered that this phenomenon is caused by a difference in physiological condition and balance of microbes between humans and mice, but this has not been clarified.
In this study, 16S rRNA gene sequence and terminal restriction fragment length polymorphism (T-RFLP) analyses were used to reveal the shifts in the dominant bacteria of the intestinal microbiota in HFA mice after the administration of human fecal specimens. T-RFLP analysis is a useful molecular approach for the rapid assessment and comparison of diverse complex bacterial communities, such as those in soil, feces, and oral microbiota (20, 32, 33, 34) . The horizontal transmission of intestinal microbiota in their offspring was also investigated. Moreover, lactobacilli were characterized, and the human-derived lactobacilli (HDL) were screened and detected in the intestines of HFA mice by use of genus-specific and the HDLspecific primers. This report provides new information regarding the intestinal microbiota of HFA mice.
MATERIALS AND METHODS

Animals.
Germfree BALB/c mice, from the Department of Infectious Diseases, Tokai University School of Medicine, Kanagawa, Japan, were used in all examinations. They were housed in vinyl isolators with sterilized Clean tip (CLEA Japan, Inc., Tokyo) as bedding and given sterilized water and sterilized commercial CL-2 pellets (CLEA Japan, Inc.) ad libitum. The diet was sterilized with an autoclave (121°C, 30 min). Five male and five female mice were inoculated at 4 weeks of age into the stomach by a metal catheter with 0.5 ml of a 10 Ϫ1 suspension of feces obtained from an apparently healthy human volunteer (male, aged 59 years). The mice were mated at 8 weeks of age, and their offspring were weaned at 3 weeks of age.
Sampling. Fecal samples from mice were taken 1, 2, and 4 weeks after administration of the fecal suspension. Eight weeks after inoculation, the mice were sacrificed by use of diethyl ether, and the contents of the small intestine, cecum, and colon were removed as samples of the intestinal microbial community. Collected samples were stored immediately at Ϫ80°C until use. Intestinal content samples from the offspring were collected at 6 weeks of age by the same methods.
Cell lysis and DNA isolation from samples. DNA extraction and purification were based on the methods described by Clement and Kitts (3), using an Ultra Clean Soil DNA isolation kit (Mo Bio Laboratories, Inc., Solana Beach, CA) with some modification, as described previously (17) .
T-RFLP analysis. A pair of universal primers, 5Ј FAM (6-carboxyfluorescein)-labeled 27f (5Ј-AGAGTTTGATCCTGGCTCAG-3Ј) (Applied Biosystems, Tokyo, Japan) and 1492r (5Ј-GGTTACCTTGTTACGACTT-3Ј) (18), were used. PCR was performed as described previously (17) . Purified PCR products were digested with 20 U of HhaI (Takara Bio Inc.) in a total volume of 10 l at 37°C for 3 h. The lengths of the terminal restriction fragments (T-RFs) were determined using standard size markers GS500 ROX and GS 1000 ROX (Applied Biosystems) with an ABI PRISM 310 genetic analyzer (Applied Biosystems) and GeneScan analysis software (Applied Biosystems). Cluster analysis was performed using BioNumerics software (Applied Maths, Sint-Martens-Latem, Belgium) based on T-RFLP patterns. The Jaccard matching coefficient was used for objective interpretation of the difference in T-RF patterns. The distances of similarity among samples were represented graphically by constructing a dendrogram. The unweighted pair-group method with arithmetic mean (UPGMA) was used to establish the dendrogram type. T-RFs were quantified as the proportion of total peak area of all T-RFs. The significant differences between the samples at 1 week after administration and other time points were calculated using Student's t test (P Ͻ 0.05). Characteristic peaks were identified by direct cloning of T-RFs as previously described (22) . Reproducibility of T-RFLP patterns was previously investigated in detail (25, 34) .
16S rRNA gene sequences. The human inoculum, mouse fecal samples 1 and 4 weeks after administration, and mouse colon samples 8 weeks after administration were used for cloning and sequencing to compare with T-RFLP analysis results. Sequencing of the 16S rRNA genes was performed based on a previous study (17) . All sequences were compared with similar sequences of the reference organisms by BLAST (1) and FASTA (27) searches and checked for possible chimeric artefacts by the CHIMERA CHECK program of the Ribosomal Database Project-II (4). All sequences underwent fragment analysis with restriction enzymes by computer simulation and were compared by T-RFLP analysis. The term "phylotype" is used for a cluster of clone sequences that differs from the sequence of a known species by approximately 2%, and these clusters were at least 98% similar to numbers within a cluster of clone sequences (26) .
PCR and sequencing for the detection of HDL. Three primer sets were used for the detection of HDL. One primer and one primer set used in this study were designed in previous studies of the detection of lactic acid bacteria (LAB) or Lactobacillus spp. (11, 40) . A reverse primer; S-G-Lab-0677-a-A-17 (Lab-0677r, 5Ј-CACCGCTACACATGGAG-3Ј), was designed by Heilig et al. (11) . Two primers, Lac 1 (5Ј-AGCAGTAGGGAATCTTCCA-3Ј) and Lac 2 (5Ј-CATGT GTAGCGGTGRAAT-3Ј), were designed by Walter et al. (40) . Lab-0677r was used with 5Ј FAM-labeled 27f for LAB-specific T-RFLP analysis of the human inoculum and intestinal contents of HFA mice. LAB-specific T-RFLP analysis was performed with four restriction enzymes, HhaI, MspI, HaeIII, and AluI. The 27f-Lab-0677r primer set and Lac 1-Lac 2 primer set were also used in cloning to identify amplicons. The amplification program conformed to the description of each previous study (11, 40) . After the identification of HDL, we designed the forward primer HDL-f (5Ј-AGGATAGAGGC-3Ј) to amplify the HDL. Nested PCR was performed to detect the HDL. Lac 1 and Lac 2 were used for firstround PCR. HDL-f and Lac 2 were used for second-round PCR. The program included 94°C for 3 min; 30 cycles consisting of 94°C for 30 s, 51°C for 30 s, and 72°C for 30 s; and a final extension period at 72°C for 3 min. Ten nanograms of DNA from the first-round PCR amplicon was subjected to a second PCR in a 50-l reaction mixture. Amplified DNA was verified by 1.5% agarose gel electrophoresis and sequencing.
Nucleotide sequence accession numbers. Sequences of the 16S rRNA genes of new phylotypes derived from humans in this study were deposited with the GenBank database under accession numbers AB191009 to AB191022. Representative sequences of the 16S rRNA genes confirmed in this study, i.e., of HDL derived from human inoculum, of an Aerococcus sp. derived from HFA mouse intestine, and of HDL derived from HFA mouse intestine, were deposited in GenBank under accession numbers AB191025 to AB191027, AB191028 to AB191030, and AB191023 to AB191024, respectively.
RESULTS
Dynamics of intestinal microbiota in HFA mice. The shift of intestinal microbiota in HFA mice after the administration of human feces was determined by T-RFLP patterns. Unique changes over time were revealed by T-RFLP profiles of samples derived from HFA mice (Fig. 1) . Common or characteristic T-RFs were detected in all samples. Characteristic T-RFs detected in all samples were confirmed numerically, and significance was calculated by Student's t test (P Ͻ 0.05) ( Table  1) . Increases in T-RFs over time were at bp 56, 184, and 196; in contrast, decreases in T-RFs with time were at bp 366. Although the T-RFs at bp 730 were detected at a high rate in human inoculum, they were not detected at such a high rate in HFA mouse samples. T-RFs at bp 231, 440, and 808 were detected in samples of intestinal contents but were not detected or were detected in small populations in fecal samples. We designated these T-RFs as "persisting." 16S rRNA gene clone library analysis and direct cloning of T-RFs were used to identify these unique movements (Table 1 ). All sequences obtained from each sample had a fragment position confirmed by computer simulation. Almost all the T-RFs were presumed to represent species or phylotypes detected by 16S rRNA gene clone library analysis. The same identification was confirmed by direct cloning of T-RFs (data not shown).
16S rRNA gene sequencing of intestinal microbiota in the human inoculum and HFA mice. The numbers of clones detected in samples of the inoculum, in a fecal sample 1 and 4 weeks after administration, and in a colon sample 8 weeks after administration are shown in Table 2 . One hundred eightyseven clones from the inoculum were analyzed. Sequences were classified into 12 phylogenetic groups. Although no exact 16S rRNA gene similarity limits exist to define specific taxa such as genus and species, species definition in general requires sequence similarities of greater than 98% (36) . All clones were divided into 81 species, including phylotype. About 83% of clones detected in samples of the inoculum belonged to phylotypes. About 40 clones derived from fecal samples at 1-and 4-week time points were analyzed because the T-RFLP patterns at these two time points in HFA mice resembled each other. Additionally, about 40 clones derived from the colon sample at 8 weeks in HFA mice were analyzed. Clones identified as the Bacteroides group, the Clostridium cluster IV, or the Clostridium cluster XIVa were detected at a high rate in all samples, including the human inoculum. Clones belonging to the "Gammaproteobacteria" group, the Verrucomicrobium group, and the Coriobacteriaceae were detected only in samples from HFA mice.
Cluster analysis of intestinal microbiota in the offspring of HFA mice. We performed dendrogram analysis based on Jaccard matching coefficients of T-RFLP profiles to assess the similarity of microdiversity in the intestine among the samples. UPGMA was used for the dendrogram (Fig. 2) . The human inoculum was compared with other human fecal samples ( Fig. 2A) . The difference in similarity indices among the samples, except for the Hu-2 sample, was not significant by t test. In addition, T-RFLP patterns of samples from HFA mice and their offspring were determined in addition to those of human samples (Fig. 2B) . The dendrogram was divided into two clusters (I and II). Cluster I was formed by only human samples, excluding the human inoculum. Cluster II was formed by samples from HFA mice and their offspring and the human inoculum. Moreover, for similarity indices of about 45%, cluster II was divided into two subclusters (II-␣ and II-␤). The inoculum sample became an outgroup of cluster II. Subcluster II-␣ was composed only of samples from HFA mice, and subcluster II-␤ was composed only of samples from offspring.
Detection of HDL by specific primers. To confirm the existence of HDL in the intestine of HFA mice, three primer sets were used in this study. The first set, primer 27f and the Lab-0677r primer designed by Heilig et al. (11) , was used for LAB-specific T-RFLP analysis with four restriction enzymes (HhaI, MspI, HaeIII, and AluI). T-RFs derived from HFA mouse samples by use of this primer set appeared at bp 588 to 589, 556 to 560, 263 to 264, and 683 to 684, digested by HhaI, MspI, HaeIII, and AluI, respectively.
From the computer simulation results, any bacteria belonging to the genus Lactobacillus were not assigned to these restriction sites. On the other hand, T-RFs derived from the human inoculum appeared at bp 691 (digested by HhaI), at bp 134 and 164 (digested by MspI), at bp 213 (digested by HaeIII), and at bp 68 and 246 (digested by AluI). The T-RFLP analysis results were different for the inoculum and HFA samples. However, these restriction sites were also not assigned. To identify the composition of bacteria in these T-RFs, amplicons from HFA mouse samples were confirmed by cloning and sequencing. All clones derived from HFA samples were more than 98% similar to the species Aerococcus viridans at Escherichia coli positions 27 to 677. The restriction fragment lengths of the Aerococcus viridans clones were 581, 555, 266, and 1,069 bp, digested by HhaI, MspI, HaeIII, and AluI, respectively. There was no restriction site for AluI at positions 27 to 677. This result was identical with LAB-specific T-RFLP results for HFA mouse samples. We found no lactobacilli in HFA samples by use of the 27f-Lab-0677r primer set. Therefore, another primer set, Lac 1-Lac 2, was used. This primer set was designed by Walter et al. (40) for the amplification of LAB from samples. These amplicons were confirmed by cloning and sequencing. Clones derived from the human inoculum were more than 98% similar to the species Lactobacillus delbrueckii at Escherichia coli positions 355 to 644. These clones were designated HDL. However, clones derived from HFA mice were not similar to HDL but were similar to Aerococcus spp. This result was identical to the result determined with another primer set (27f-Lab-0677r). Therefore, in the second PCR, a primer (HDL-f) was designed to discriminate between HDL and other LAB. HDL were detected in seven of all the samples from HFA mice (Table 3 ). All amplified products were confirmed by sequencing.
DISCUSSION
Horizontal transmission of intestinal microbiota in HFA mice. HFA mice have been exploited and used as a tool reflecting human intestinal microbial ecology (6, 7, 30) . Although the development of intestinal microbiota in HFA mice has been revealed by culture methods (12) , there are few reports of the use of molecular methods (5, 7, 15) . Our work has revealed the movement and persistence of human intestinal microbiota in formerly germfree mice by T-RFLP analysis. Additionally, some bacteria in unique T-RFs were identified in a comparison with 16S rRNA gene sequences and direct cloning of T-RFs (Table 1) . Only a proportion of the T-RF peak at bp 366, identified as the "Gammmaproteobacteria" group and/or Coriobacteriaceae, was reduced. We also confirmed that the increased T-RFs were affiliated with the Clostridium group. According to the culture method (12) , the number of Enterobacteriaceae decreased rapidly after the third day after inoculation. Conversely, anaerobic bacteria were dominant in HFA mice. Our results are in agreement with previous studies (12) because the "Gammmaproteobacteria" group belonging to Enterobacteriaceae and bacteria of the Clostridium group are anaerobic bacteria. However, most of the bacteria isolated in this study belonged to phylotypes. Briefly, most of human intestinal bacteria with unique shifts in the intestines of HFA mice have not yet been cultured.
HFA mice have limitations as a model because some of their enzyme activities and products of intestinal microbiota are different from those of humans. This result indicates that the limitations of HFA mice are caused by the differential composition of bacteria belonging to phylotypes. Bacteria in the Clostridium cluster XIVa and the Clostridium cluster IV were dominant in specific-pathogen-free mice and in conventional mice (9, 16, 17, 29) . In spite of different environments, Clostridium group bacteria can inhabit the mouse intestine. Therefore, the physiological conditions of the mouse intestine might be suitable for these bacteria.
The change of indigenous bacteria in the intestine. The 16S rRNA gene clone sequences were used to identify microbiota of the human inoculum and of samples from HFA mice ( Table  2) . Clones belonging to the Bacteroides group, the Clostridium cluster IV, and the Clostridium cluster XIVa were detected in all samples at a high rate. However, clones belonging to the "Gammmaproteobacteria" group, the Verrucomicrobium group, the "Deltaproteobacteria" group, and the Coriobacteriaceae were detected only in samples from HFA mice. Godon et al. (8) reported the relationship between the number of sequences and the cumulative number of operational taxonomic units. In this study, despite the analysis of a small number of clones, many clones of these bacteria were detected only in HFA mice. This indicated the possibility that the population of these bac- Changes in T-RF area after administration of human inoculum over time, 1, increase; 2, decrease; P, persistent in intestine.
teria was changed between the intestines of humans and HFA mice. Almost all T-RFs of bacteria in the Bacteroides group in the database, which were digested with HhaI, are located from bp 94 to 104. Moreover, the computer simulation confirmed that clones in the Verrucomicrobium group corresponded to T-RFs at bp 98 with HhaI digestion. Therefore, T-RFs of both groups overlapped at bp 98. Although the movement of the T-RFLP pattern at bp 98 was not confirmed, the dominant bacterial group in HFA mice might change from those present in inoculated human feces.
Movement of intestinal microbiota to the offspring of HFA mice. By the use of culture methods, an earlier study revealed that HFA mice could be reproduced by breeding (14) . In the present study, T-RFLP analysis was used to confirm the transfer of intestinal microbiota to the offspring of HFA mice. To compare the whole T-RFs in samples, we used dendrogram analysis derived from the similarity of T-RFLP patterns among samples. The human inoculum was compared with other human fecal samples (Fig. 2A) . The inoculum sample was not specific among human fecal samples because it was not an outgroup of the cluster. This result was confirmed by a t test of similarity indices among T-RFLP patterns. T-RFLP patterns of samples from HFA mice and their offspring were determined in addition to those from human samples (Fig. 2B) . The dendrogram was divided into two large clusters. Cluster I was composed only of human samples. Cluster II was composed of samples from HFA mice, their offspring, and the human inoculum. This result indicated that the intestinal microbiota of HFA mice and their offspring was more similar to that of the inoculum than to that of other human samples. Moreover, this result indicated that the composition of intestinal microbiota of HFA mice and their offspring reflected the individual differences of human intestinal microbiota. On the other hand, cluster II was divided into two subclusters. Subcluster II-␣ was composed of samples from HFA mice, and subcluster II-␤ was composed only of samples from the offspring. These results indicated that the microbiota in HFA mice was changed by host-specific modification from the bacterial composition of the inoculum in their intestines, although the intestinal microbiota of HFA mice and their offspring reflected the composition of the inoculum as in previous studies (14) . Moreover, the intestinal microbiota of offspring showed greater modifications than did the microbiota of their parents.
Existence of the HDL in HFA mice. The genera Lactobacillus and Bifidobacterium derived from humans seem to hardly colonize in the mouse intestine (13, 28, 41) . In particular, although lactobacilli are the predominant bacteria in the mouse intestine, previous studies could not detect them in HFA mice (13, 28) by culture methods. We used three primer sets in this study (27f-Lab-0677r, Lac 1-Lac 2, and HDL-f-Lac 2). Two LAB-specific primer sets (27f-Lab-0677r and Lac 1-Lac 2) were used to detect LAB in the human inoculum and in the HFA mouse intestine. HDL was detected in the human inoculum by LAB-specific primer sets. However, clones detected from the HFA mouse intestine were identified not as HDL but as bacteria of the genus Aerococcus by both primer sets. The clone identified as the Aerococcus species was not detected in the human inoculum. From the results of the differential detection, our results suggested that the populations of HDL and Aerococcus bacteria in samples were different between the human inoculum and the HFA mouse intestine. Therefore, a specific primer for HDL was designed to detect HDL in the intestines of HFA mice, and we performed nested PCR for increased sensitivity of detection. Consequently, HDL were detected in seven samples from HFA mice (Table 3) and (15) improved HFA mice for the evaluation of functional food, and they reported that the HFA mice with segmented filamentous bacteria were able to retain HDL for 14 days. In this study, the HDL were detected at random and regardless of time point or intestinal tract. Our results indicated that the intestines of HFA mice have difficulty in retaining HDL or that HDL are difficult to detect in intestinal samples from HFA mice. This study showed the dynamics of human intestinal microbiota in formerly germfree mice, and the movement and persistence of many unidentified bacteria were also shown. These results indicated that although HFA mice reflect the composition of individual human intestinal bacteria, there are differences between dominant bacterial populations. Moreover, we revealed that HDL could be established in the HFA mouse intestine. This report showed the intestinal bacteria of HFA mice by the use of molecular techniques in regions and time points, and a new concept could therefore be introduced. The composition of intestinal microbiota of colonized HFA mice was selected from a limited sample of bacteria derived from human inoculum. This finding would be reflected by a hostbacterium interaction, physiological conditions, and diet differences between humans and mice. We need to further the establishment of a suitable model for study and to clarify the details of the interaction between the host and the bacteria based on this research. 
